
scriptional switch depends on the ordered 
recruitment of GCN5IPCAF and CBP. 
which acetylate HMGI(Y) at distmnct lysine 
residues, inducing opposite effects on en- 
hanceosome stability. It takes approximate- 
ly 4 hours after viral infection to assemble 
the enhanceosome and 2 more hours to 
synthesize the first IFN-6 transcripts. We 
speculate that each of the transcription factors 
associates with the enhancer only weakly at the 
onset of \ mral infectmon, despmte the presence of 
HMGI(Y). because it is not acetylated by 
GCN~IPCAF. Then. GCNSTCAF is recruited 
and acetylates histones and HMGI(Y) at K71, 
thus "loclung" the enhanceosome into a "meta- 
stable" configuratmon that initiates subsequent 
steps of the recrumtment program, such as CBP- 
PolII, SWL SNF, and TFIID recnutment (4) 
Thus, at the tlme of peak HMGI(Y) K71 acet- 
ylation (5 hours after infection). all IFN-6 ac- 
tivators are found on the enhancer at their high- 
est amounts. indicating stable enhanceosome 
assembly. However, CBP recruited to the en- 
hanceosome cannot acetylate HMGI(Y) at 
K65, because HMGI(Y) is already acetylated at 
K71 by GCNS!PCAF. K65 acetylation and sub- 
sequent enhanceosome disassembly correlate 
with K71 deacetylation. Thus, the ordered and 
highly controlled acetylation of HMGI(Y) by 
hvo distinct HAT coactivators coordinates the 
IFN-6 transcriptional switch by instructing ei- 
ther enhanceosome assembly or disassembly. 
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Cytokine-Specif ic Transcriptional  
Regulation Through an 11-5Ra  

Interacting Protein  
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Cytokine receptors consist of multiple subunits, which are often shared be- 
tween different receptors, resulting in the functional redundancy sometimes 
observed between cytokines. The interleukin 5 (IL-5) receptor consists of an 
IL-5-specific a-subunit (IL-5Ra) and a signal-transducing 6-subunit (PC) shared 
with the IL-3 and granulocyte-macrophage colony-stimulating factor (CM-CSF) 
receptors. In this study, we sought t o  find a role for the cytoplasmic domain 
of IL-5Ra. We show that syntenin, a protein containing PSD-951Discs LargeIzO-I 
(PDZ) domains, associates with the cytoplasmic tai l  of the IL-5Ra. Syntenin was 
found t o  directly associate with the transcription factor Sox4. Association of 
syntenin with IL-5Ra was required for IL-5-mediated activation of Sox4. These 
studies identify a mechanism of transcriptional activation by cytokine-specific 
receptor subunits. 

The IL-5Ra is expressed on B cells and on 
eosinophilic and basophilic granulocytes (1-3). 
and IL-5 mediates the differentiation and sur- 
vival of eosinophils (4). Furthermore, IL-5 in- 
duces the proliferation of progenitors of B1 
cells and induces differentiation of mature B1 
cells and conventional B2 cells into immuno- 
globulin-producing cells (5 ,  6). We reasoned 
that if the specific a chains of cytolune recep- 
tors play a role mn smgnalmng. this may be medm- 
ated by a cham-associated protemns However, 
the identity of such proteins has remained elu- 
sive. To identify proteins specifically mediating 
IL-SRa signaling, we performed a two-hybrid 
screen using the IL-SRa cytoplasmic domain. 
We constructed a two-hybrid cDNA library 
from human granulocytes known to express the 
IL-SRa (7) .  Syntenin, protein containing tan- 
dem PDZ domains, associated specifically with 
the cytoplasmic domain of IL-SRa in yeast 
(Fig. 1A). In glutathione S-transferase (GST) 
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co-precipitation (pull-down) analyses ( 8 ) ,  IL-
5Ra associated with syntenin in vitro (Fig. 1B). 
We tested whether the association between syn- 
tenin and IL-5Ra was direct with the use of 
BIAcore surface plasmon resonance technolo- 
gy. Syntenin associated with immobilized 
GST-IL-5RaC,- fusion protein with a calculated 
dissociation constant (K,) value of 470 nM 
(Fig. 1C. upper panel). No binding was ob-
served between syntenin and lmmoblllzed GST 
(Fmg 1C. lower panel) Syntenin, therefore, as- 
sociates directly with IL-5Rac,. and the bind- 
ing affinity observed is similar to that obtained 
for the interaction of isolated PDZ domains 
with optimized peptides containing consensus 
PDZ-binding motifs (9). Syntenin co-immuno- 
precipitated with IL-SRa from mammalian 
cells, indicating that the protein association can 
occur in vivo (Fig. ID). Syntenin did not bind 
to GST fusion proteins derived from either the 
IL-3 or the GM-CSF receptor (10). 

Deletion mutants of IL-5Ra were then used 
to identify the region of interaction with synte- 
nin. Deletion of the last 15 carboxyl-terminal 
residues abolished the association with syntenin 
(Fig. 2A). A comparison of the amino acid 
sequences between mouse and human IL-5Ra 
revealed that although these sequences were 
somewhat variant, two of the four COOH-ter- 
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rninal residues (human, DSVF; mouse, NSTF) 
(11) were conserved. Syntenincontains two tan-
dem PDZ domains, and these domains are 
known to interact with COOH-terminal peptide 
sequences (12). A single-point mutant of IL-
5Ra in which the COOH-terminal phenylala-
nine was substituted for an alanine residue (IL-
5Ra F +A) completely abrogated the interac-
tion between syntenin and IL-SRa (Fig. 2B). 
Single point mutation of other amino acids in 
the COOH terminus of IL-SRor?, did not affect 
syntenin biding (13). Using different deletion 
mutants of syntenin, we investigated which re-
gion of syntenin was responsible for the associ-
ation with IL-5Ra. Deletion of either of the 
PDZ domains completely abrogated the IL-
5Ra-syntenin interaction (Fig. 2C). 

In a second two-hybrid screen, syntenin was 
identified as a binding partner of the transcrip-
tional activator Sox4 (Fig. 1A). Sox4 is a mem-
ber of a large family of transcription factorsthat 
share homology in their DNA binding domain, 
the so-called high mobility group (HMG)-box 
(14,15). Sox4 associated specifically with syn-
tenin (Fig. lA), and no association was found 
between Sox4 and JL-5Ra (Fig. 1A) or be-
tween syntenin and the closest relative of Sox4, 
Sox11 (13). GST pull-down analysis of Sox4 
using different deletion mutants of syntenin 
revealed that Sox4 was able to bind to syntenin 
when both PDZ domains had been removed 
(Fig. 3A). This association was also found in 
co-immunoprecipitation assays in mammalian 
cells (Fig. 3B) (16). 

Because both JL-5 and Sox4 have been 
implicated in B cell development (17-20), we 
tested whether Sox4 itself could be activated by 
IL-5. As a relevant model system, we used the 
cytokine-dependentearly mouse pre-B cell line 
BaF3, endogenously expressing syntenin and 
stably transfected with JL-5Ra (21). IL-5 in-
duced the activation of a luciferase reporter 
bearing seven copies of a Sox4 DNA-biding 
motif (AACAAAG) (14) (Fig. 3C, left panel). 
A second reporter bearing seven copies of a 
mutated motif (CCGCGGT) was not activated, 
demonstrating Sox4-specificity (Fig. 3C, right 
panel). Analyses of syntenin and Sox4 expres-
sion after IL-5 stimulation revealed that both 
exhibited cytoplasmic and nuclear staining 
(10). IL-3 was unable to induce activation of the 
luciferase reporter in BaF3 cells (Fig. 3C). 

To investigate whether syntenin is critical 
for IL-5-mediated activation of Sox4, we 
measured the Sox4 reporter activation after 
transfection of increasing amounts of anti-
sense syntenin, which led to a dose-depen-
dent decrease in Sox4 activation(Fig. 4A, left 
panel). As a control, we measured IL-5-in-
duced activation of a cyclin Dl reporter con-
struct that was unaffected by antisense syn-
tenin (Fig. 4A, right panel). IL-5-stimulated 
ERIC-1 phosphorylation was also unaltered, 
demonstrating that receptor-mediated signal-
ing pathways are not aspecifically abrogated 

(10). We next tested the ability of the COOH-
terminal deletion mutants of IL-5Ra to acti-
vate Sox4. Deletion of the COOH terminus of 
IL-5Ra or the COOH-terminal point mutant 
IL-5Ra (F + A) resulted in loss of Sox4 
activation (Fig. 4B), whereas ERK phospho-
rylation by these receptors was unaffected 
(Fig. 4C). Thus, the ability of syntenin to 

associate with IL-5Ra also appears to be 
critical for ILJ-mediated Sox4 activation. 

These data demonstrate a mechanism of 
transcriptional activation by cytokine-specif-
ic receptor subunits. Sox4 activation by IL-
5Ra appears to be direct, with syntenin func-
tioning as an adaptor molecule. An analogy 
emergeswith the activationof two familiesof 

Fig. 1. Syntenin associ- .@++ ,Qa &* ,e6ates specifically and di- 4 %* %* 
redly with lL-5Ra. (A) 5. A %* -9 6 6% 6% 0% 
cerevisiae strain HF7C 
was transformed with "r-1 P U I I - ~ ~I\+Wenin
constructs expressing the msox4 WE:1 2 ~ ~ 5  
GAL4 DNA binding do- ~ I L - ~ R U  
main fused with PC,Sox4, 
or IL-5Ra in combination -- 4- GST-IL5Ra 
with constructs express-
ing the transactivation c Coomassie I 
domain of GAL4 fused to ,,, IL5Ra 
either human syntenin or 1- I c G s T  

IL-5Ra as indicated. Yeast 1 2 3 
was grown on selective ,, 
medium f-T~D.-His. -Leu] - + + lL-5Ra 
for four'dais. (B) cos 'w -L~~~~D + - + Syntenin 
cells were transiently O 

transfected with expres- 0 120 ?40 1M) 4110 M)0 Ip: IL&Ra 

sion constructs for either 1.110 111 WB: 12CA5 
HA-syntenin (lanes 1 and 
2) or empty vector (lane E WCL 
3). GST pull-down assays :: WB: lL-5Ra 
were performed on the lmHml 
cell lysates using either 
GST (lane 1) or GST-~IL- wcLWB:1 2 ~ ~ 5  
5Ra (lanes 2 and 3). The 0 12' zm Om 

4- Syntenin 

associated syntenin was w 4.1 

visualized by Western 
blotting (WB) using antibody to epitope (upper panel). The blot was stained with Coomassie to 
show equal amounts of protein in each lane (lower panel). (C) CST-IL-5Ra (upper panel) fusion 
protein or GST alone (lower panel) was immobilized onto a CM5 Biosensor chip using standard 
techniques. Binding of full-length GST-syntenin fusion protein was detected by surface plasmon 
resonance. Protein was injected at concentrations of 100, 50, 25, 12.5, 6.25, and 3.13 @ml, 
respectively. (D) COS cells were transient1 transfected with expression constructs for HA-syntenin 
(lanes 1 and 3) and hlL-5Ra (lanes2 and 3r IL-5Ra was immunoprecipitated (IP) and the associated 
syntenin was visualized using antibody to epitope (upper panel). Five percent of the cell lysate was 
used for SDS-PAGE followed by Western blotting using antibody to IL-5Ra (middle panel), and 
syntenin expression was verified using antibody to epitope (lower panel). 

Fig. 2. Syntenin-PDZ 
domains mediate the 
association with the 
carboxy terminus of 
IL-5Ra. (A) COS cells 
were transfected with 
HA-tagged syntenin 

1 2 3 and either control 
vector or expression 

constructs for various COOH-terminal deletion mu-
GSTPundawn In4- ILSRa tants of IL-5Ra. lmmunoprecipitation was performed 
WB: IL-SR~ using antibody to IL-5Ra. The immunoprecipitated 

complexes were visualized by Western analysis using 
antibody to epitope (upper panel). (B) COS cells were 
transiently transfected with either HA-tagged synte-
nin (lanes 2 and 3) or control vector (lane 1) together 
with expression constructsfor IL-5Ra (lanes 1 and 2) 

or a point mutant IL-5Ra (F +A) where the COOH-terminalphenylalaninewas mutated to alanine 
(lane 3). lmmunoprecipitation was performed on the cell lysates using a rabbit polyclonal antibody 
to IL-5Ra. The immunoprecipitated complexes were visualized by Western analysis using antibody 
to epitope (upper panel).(C) COS cells were transiently transfected with expression constructs for 
IL-5Ra. GST pull-down analysis was performed on the cell lysates using CST-syntenin fusion 
proteins. The associated IL-5Ra was visualized by Western blotting using antibody to IL-SRa (upper 
panel). 
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transcription factors, the signal transducers and 
activators o f  transcription (STAT) and particu- 
larly the SMAD family. STAT transcription 
factors associate directly with phosphorylated 
tyrosine residues in the receptor (22). The 
SMAD transcription factors Smad2 and Smad3 
associate with the transforming growth fac- 
tor-p (TGF-P)/activin receptors, and in the "si- 
lent" state this complex is stabilized by  the 
membrane-bound adaptor molecule Smad An- 
chor for Receptor Activation (SARA). SARA 
then dissociates from the SMADs upon their 
activation by  the receptor, releasing the activat- 
ed SMAD (22). Because syntenin is also report- 
ed to associate with other membrane receptors 
including syndecans (23) and ephrins (24), a 

more widespread role in transcriptional regula- 
tion might be possible. 

Functional dissection o f  the IL-5Ra chain 
has revealed that carboxy-terminal regions o f  
this receptor are important for regulating B 
cell differentiation (25). Sox4(-I-) mice ex- 
hibit a defect in B cell development (17), 
whereas IL-5Ra(-I-) mice show impaired 
development o f  a subpopulation o f  B cells, 
the B 1  cells (18-20). Taken together, these 
studies suggest that IL-5Ra-induced Sox4 
activation could play a role in the regulation 
o f  early B cell development. The importance 
o f  this signaling pathway in IL-5-mediated 
regulation o f  hematopoietic cells remains to 
be elucidated. 

C Optlmal reporter Mutated reporter l e  sox. 1 I 

WCL 
WB 12CA5 

B 

Fig. 3. Sox4 associates with syntenin and is activated by 11-5. (A) COS cells were transiently transfected 
with expression constructs for HA-Sox4. GST pull-down analysis was performed on the cell lysates using 
CST-syntenin fusion proteins. The associated Sox4 was visualized by Western blotting using antibody 
to  epitope (upper panel). (B) COS cells were transfected with either HA-syntenin and Myc-Sox4 (lane 
1) or Myc-syntenin and HA-Sox4 (lane 2). After anti-HA immunoprecipitation with 12CA5, samples 
were analyzed by anti-Myc Western blotting (9E10). (C) BaF3-IL-5Ra cells were transfected with either 
luciferase reporter construct containing a mSox4 transcriptional element or a mutant thereof, together 
with increasing amounts of Sox4, before being treated as indicated. Values shown represent the relative 
luciferase activity and are corrected for variations in transfection efficiency and growth. 

- +  - +  - *  - +  - + + IL-5 - - - - 
Reverse 0 2 4 6 0 0 6 
syntenin (pg) 

WCL 1 ; - - , las~~rn  
WB: pERK112 

Fig. 4. Syntenin medi- 
ates IL-%induced Sox4 
activation. (A) BaF3-lL- 
5Ra cells were trans- 
fected either with Sox4 
and the appropriate 
Sox Luciferase reporter 
construct (left panel) or 
with a cyclin D l  lucif- 
erase reDorter con- 

IL-5 - + - + - + struct (right panel), to- 
WT A405 F>A gether with increasing 

amounts of antisense 
(reverse) syntenin. Values shown represent the relative 
luciferase activity and are corrected for variations in 
transfection efficiency and growth. (B) BaF3 cells stably 
expressins! hlL-SRa (MI, hlL-SRa A405 lA4051. or hlL- 
5d F -- 4~ > A) were Gansfected with sox4 hciferase 

wcL WB ERKIR F d a  'R'"~ reporter construct and an expression construct for 10x4. 
11-5 - + . + . + Values shown represent the relative luciferase activity - - -  and are corrected for variations in transfection eff iciencv 

WI ~ 4 0 5  FDA and growth. (C) The cell Lines used in (B) were serum- 
starved for 4 hours. Cells were then stimulated with 

buffer (-) or recombinant IL-5 (+) for 15 min before lysis in boilingsample buffer. Western blottingwas 
performed, and phosphorylated ERKI and ERK2 were visualized using antibody to phospho-ERK (upper 
panel). The blot was stripped and re-probed using antibody to ERKI and -2 (lower panel). 
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